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Surfaces and interfaces are often sinks for radiation-generated mobile defects. This concept could be poten-
tially used for designing materials with improved radiation resistance. However, in addition to promoting defect
recombination, interfaces often cause detrimental disorder accumulation, particularly in non-metallic materials.
Here, we demonstrate that the GaN surface is an efficient sink for mobile point defects, promoting their annihi-
lation. We study structural damage in GaN bombarded at room temperature with 500 keV Xe ions at different
incident angles in order to control the depth of the displacement generation profile without changing the av-
erage density of ballistic collision cascades. We find that, when point defects are generated within ∼ 50 nm
from the surface, they experience efficient recombination without any measurable increase in the rate of surface
amorphization. As a result, the damage production efficiency is dramatically reduced within ∼ 50 nm from the
sample surface. Our findings provide clear experimental evidence of efficient suppression of radiation damage
by an interface in a non-metallic material.

Radiation damage is a limiting factor for several technolo-
gies. These include ion implantation doping and etching of
semiconductor devices, structural and fuel materials for nu-
clear power reactors, and electronics for use in a radiation
environment. Minimizing undesirable radiation damage is a
common challenge in all these fields. A strategy that has re-
cently been pursued by a number of research groups for de-
signing radiation-resistant materials is to maximize the num-
ber of interfaces such as free surfaces, grain boundaries, or
interfaces between dissimilar materials. This strategy is based
on a well known concept that interfaces are potential sinks
for radiation-generated mobile defects and impurity atoms. If
trapping of defects at interfaces leads to defect recombina-
tion, increasing the number of interfaces will improve radia-
tion resistance. There is indeed some experimental evidence
of an interface-mediated improvement of radiation resistance
in several metallic systems. Examples include nanocrystalline
metals (Pd,1 Au,2 Ni,3 Cu-0.5Al2O3,3 and TiNi4,5) and oxide-
dispersion strengthened (ODS) steels.6

Consequences of the interaction of radiation-generated mo-
bile defects with interfaces, however, are presently not so op-
timistic for a large class of amorphizable non-metallic inor-
ganic materials such as semiconductors and many ceramics.
While interfaces could potentially promote defect recombina-
tion, as appears to be a case for some metals,1–6 they could
also act as the primary nucleation site for detrimental disorder
accumulation, stoichiometric imbalance, and phase transfor-
mations. For example, the surface proximity in Si (arguably
the most extensively studied non-metal) inhibits recombina-
tion of radiation-generated defects and, hence, severely dete-
riorates material’s radiation resistance. Indeed, it has been
known for a long time that the Si surface is a defect sink
and a preferential nucleation site for amorphization.7–10 The
fact that the Si surface also strongly inhibits defect recombi-

nation has recently been demonstrated by van den Berg and
coworkers.11,12 A similar effect of a decreased radiation resis-
tance has also been reported for Si,13 Ge,14 SiC,15,16 SnO2,17

and ZrO2 (Ref. 18) nanocrystalline materials.
An improved resistance to complete lattice amorphization

has been reported for nanocrystalline forms of complex ox-
ides, MgGa2O4 (Ref. 19) and Gd2(Ti0.65Zr0.35)2O7 (Ref. 20),
with grain sizes of ∼ 8 and ∼ 20 nm, respectively. Subse-
quent study,21 however, pointed to a dominant role of sto-
ichiometric disorder (rather defect recombination by an in-
terface) in Gd2(Ti0.65Zr0.35)2O7 nanocrystals in determining
their radiation resistance. Some mechanisms other than de-
fect recombination at interfaces are also likely responsible for
a high stability of MgGa2O4 nanocrystals to amorphization
reported in Ref. 19 since, in the same report,19 the MgGa2O4
surface has been demonstrated to be a nucleation site for disor-
der accumulation.19 Hence, we must conclude that unambigu-
ous experimental evidence of suppression of radiation damage
by an interface in a non-metallic material is still to be demon-
strated, while numerous recent reports have suggested adverse
effects of interfaces in this class of materials.7–18

For another extensively studied non-metallic material,
GaN, previous experiments have shown that the surface or the
amorphous/crystalline (a/c) interface acts as a defect sink and
is a nucleation site for amorphization.22 Bombardment results
in layer-by-layer amorphization proceeding from the sample
surface. A recent experimental study23 has further revealed
that the GaN surface, as compared to stable radiation dam-
age in the crystal bulk, is a more efficient sink for mobile
point defects with respect to both processes of point defect
recombination and trapping. It is, however, not clear whether
mobile defects trapped at the GaN surface experience annihi-
lation or contribute to detrimental surface amorphization. In
other words, does the GaN surface (or the a/c interface) im-
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prove or deteriorate material’s radiation resistance?
In this letter, we demonstrate that the GaN surface acts as an

efficient sink for mobile defects, causing their recombination.
Defects recombine at the surface without changing the rate
of surface amorphization. To our knowledge, this is the first
clear experimental demonstration of suppression of radiation-
induced disorder by an interface in a non-metallic material.
In addition to providing a strategy for minimizing radiation
damage in GaN-based devices, our results have important im-
plications to designing radiation-resistant materials.

About 2-µm-thick undoped wurtzite GaN (0001) epilay-
ers, grown on c-plane sapphire substrates by metalorganic
chemical vapor deposition, were used as irradiation targets.
The 4 MV ion accelerator (National Electrostatics Corpora-
tion, model 4UH) at Lawrence Livermore National Labora-
tory was used for both ion irradiation and ion beam analy-
sis. Implantation was done with 500 keV Xe ions to various
fluences between 1× 1014 and 2× 1015 cm−2. During irra-
diation, the sample normal was tilted 7◦, 60◦, and 72◦ from
the ion beam incidence direction. This was done in order to
form near-surface damage layers with the same overall shape
but with different thickness while maintaining a constant av-
erage density of collision cascades (which is known to influ-
ence radiation damage in GaN).24 For a better comparison
of data for different sample tilt angles, we express ion flu-
ences in displacements per atom (DPA) at the depth of the
maximum nuclear energy loss (Rpd). Quoted DPA values, cal-
culated with the SRIM code (version SRIM-2008.04)25 with
effective threshold energies for atomic displacements of 25
eV for both Ga and N sublattices, are the concentrations of
ion-beam-generated lattice vacancies at Rpd, normalized to the
atomic concentration of GaN (8.85×1022 atoms cm−3). Dur-
ing irradiation, beam flux values were kept constant to main-
tain a constant displacement generation rate of ∼ 7 × 10−3

DPA/s at Rpd.
The damage buildup was measured by Rutherford backscat-

tering/channeling (RBS/C) spectrometry with a 2 MeV 4He+

beam incident along the [0001] channeling direction. A detec-
tor located at 103◦ from the incident beam direction was used
to register backscattered particles, providing enhanced depth
resolution. All RBS/C spectra were analyzed with one of the
conventional algorithms26 for extracting the effective number
of scattering centers (referred to henceforth as “relative disor-
der”). Deconvolution by fitting disorder depth profiles with a
bimodal Gaussian distribution was used to evaluate the thick-
ness of surface amorphous layers (SALs).

Figure 1(a) shows SRIM-simulated depth profiles of lattice
vacancies generated in GaN by Xe-irradiation at 7◦, 60◦, and
72◦. These profiles are Gaussian-like (unimodal) with max-
ima at corresponding Rpd values that, as expected, get shal-
lower with increasing sample tilt angle. Profiles of stable post-
implantation lattice disorder measured by RBS/C are shown
in Figs. 1(b) and 1(c) for ion fluences resulting in ∼ 3 and
∼ 6 DPA at Rpd, respectively. Such experimental profiles
are bimodal, with a strong peak at the surface and a bulk
defect peak (BDP), whose maximum (hmax) is deeper than
Rpd. Both the bimodal nature of damage-depth profiles and
a shift of hmax relative to Rpd are consistent with previous
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FIG. 1: (Color online) (a) Depth profiles of lattice vacancies ballis-
tically generated in GaN by irradiation with 500 keV Xe ions with
different incident beam angles relative to the sample surface normal
(results of SRIM simulations). Positions of the maxima of such pro-
files are indicated by vertical dash lines. (b) and (c) Depth profiles
of relative disorder for samples irradiated at various angles to flu-
ences of ∼ 3 and ∼ 6 DPA, respectively. For clarify, only every 20-th
experimental point is depicted.

observations.22,27–29 As discussed in detail elsewhere,22,23 for
ion fluences above ∼ 1 DPA, the surface defect peak origi-
nates from a SAL.

From a comparison of Figs. 1(b) and 1(c), it is seen that,
for all tilt angles, an increase in ion fluence results in a corre-
sponding increase in the BDP magnitude and the SAL thick-
ness. More importantly, for both cases of ∼ 3 and ∼ 6 DPA,
decreasing the depth of the displacement generation profile
(by increasing the incident beam angle) dramatically reduces
the BDP but has a negligible effect on the SAL thickness.
The ion fluence dependence of the SAL thickness is plotted in
Fig. 2(a) (the right axis). It illustrates that, with increasing flu-
ence, the SAL grows at a constant rate of ∼ 0.75 nm/DPA,30

independent of the proximity of the BDP to the a/c interface.
The fact that shallower implants result in lower bulk dam-

age is better illustrated in Fig. 2(b), showing an ion fluence
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FIG. 2: (Color online) Ion fluence dependencies of (a) (left scale,
closed symbols) the distance between the bulk defect peak (hmax)
and the maximum energy loss (Rpd) and (a) (right scale, open sym-
bols) the thickness of surface amorphous layers for all three irradia-
tion angles. (b) The bulk defect peak maximum and (c) the damage
production efficiency as a function of fluence. The inset shows the
damage production efficiency for the lowest fluence as a function of
the damage generation depth, Rpd +∆Rpd. Dotted lines are guides to
the eye. In all panels, the triangle, circle, and square symbols repre-
sent the data for 7◦, 60◦, and 72◦ angles, respectively.

dependence of the level of relative disorder at the BDP max-
imum. For all three sample tilt angles, with increasing flu-
ence, the BDP level increases, approaching a saturation value
of ∼ 50%. Such a saturation of the BDP maximum is consis-
tent with previous reports.22

The influence of the sample surface on defect recombina-
tion is further illustrated by Fig. 2(c). It shows a fluence de-
pendence of the bulk damage production efficiency (ξ), which
we define here as the ratio of depth-integrated stable bulk
damage (without the contribution from the SAL) to the to-
tal number of vacancies (calculated by the SRIM code) bal-

listically generated by the ion beam in the region outside the
SAL. As expected,22,24 ξ � 100%, which means that post-
irradaition damage is much lower than that predicted by bal-
listic collision cascade simulations. This is a consequence of
very efficient dynamic annealing processes in GaN.

Figure 2(c) also shows that, for conventional irradiation at
7◦, the ξ initially increases up to ∼ 10% with increasing flu-
ence and then decreases due to damage saturation in the BDP
for fluences & 6 DPA. Such a decrease in ξ indicates that ele-
mentary point defects generated in the BDP region in the sat-
uration regime experience efficient recombination rather than
migrating away from the BDP region and contributing to its
expansion, as speculated earlier.31

The inset in Fig. 2(c) plots ξ for samples irradiated at differ-
ent angles to ∼ 3 DPA as a function of the damage generation
depth, Rpd+∆Rpd, where ∆Rpd is a depth corresponding to one
standard deviation of the Gaussian fit to SRIM-calculated dis-
placement profiles. It is seen that the ξ rapidly increases when
damage generation depth is larger than ∼ 50 nm. Implants
shallower than ∼ 50 nm exhibit a decreased ξ, demonstrat-
ing an important role of the GaN surface in the elimination of
mobile point defects.

Finally, Fig. 2(a) (the left axis) illustrates the effect of the
BDP shift to larger depths with increasing ion fluence. Specif-
ically, it shows a fluence dependence of the difference be-
tween the BDP position and Rpd for three tilt angles. It is seen
that, for the fluence range studied, the BDP shift increases al-
most linearly with ion fluence. More importantly, the BDP
shift is independent of Rpd: the BDP shifts a similar distance
for a given fluence (expressed in DPAs) for all incident angles.
Furthermore, Fig. 2(a) shows that the BDP shifts faster than
the SAL growth rate. This behavior is in contradiction with a
model32 recently proposed to explain the BDP shift in GaN.
The main assumption of this model32 is that the BDP shift is
caused by the proximity of the a/c interface, and, hence, dif-
ferent BDP shifts are expected for irradiation conditions with
vastly different Rpd, as used in the present study. Since this
is in contrast to observations summarized in Fig. 2(a), some
mechanisms other than the interaction of mobile point defects
with the sample surface or the a/c interface must be responsi-
ble for the BDP shift, and this intriguing effect deserves fur-
ther studies.

In summary, the effect of the surface on radiation damage
in GaN has been studied by varying the incident ion beam
angle in order to control the depth of the profile of ion-beam-
generated atomic displacements without changing the aver-
age density of ballistic collision cascades. Our observations
indicate that the efficiency of the stable disorder formation is
dramatically reduced for depths . 50 nm from the sample sur-
face. This provides clear demonstration of the suppression of
radiation damage by the GaN surface.

This work was performed under the auspices of the U.S.
DOE by LLNL under Contract DE-AC52-07NA27344.
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